Introduction {#s1}
============

Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disease in which extraskeletal bone forms in skeletal muscle, tendon, and the associated soft connective tissues. In FOP, heterotopic ossification (HO) results from dysregulated signaling through the type one bone morphogenetic protein (BMP) receptor ACVR1 (ALK2) ([@bib42]). Whereas several *ACVR1* mutations have been identified in FOP patients, the most prevalent is a point mutation that results in an arginine to histidine substitution at position 206 of the ACVR1 receptor \[ACVR1(R206H)\] ([@bib42]). This amino acid change, which is within the cytoplasmic glycine-serine domain, upstream of the serine/threonine kinase domain, renders the receptor hyperactive to BMP ligands ([@bib1]; [@bib15]; [@bib17]; [@bib16]) and confers novel responsiveness to activin ligands ([@bib15]; [@bib17]). With an appropriate physiological trigger, this altered signaling inappropriately activates the osteogenic program in tissue-resident progenitors, ultimately leading to endochondral HO. Although muscle injury and inflammation are strong triggers for 'flares' leading to HO, HO lesions often develop without a known trigger (commonly referred to as spontaneous HO). Progressive episodes of spontaneous HO generally begin in early childhood and increase in frequency and severity during childhood and adolescence ([@bib36]; [@bib35]). In individuals with FOP, significant HO-related disability occurs prior to skeletal maturity ([@bib36]). Hence, it is important for FOP therapeutics to exhibit an acceptable safety profile in juvenile patients.

To facilitate drug discovery efforts and to investigate the cellular and physiological basis of FOP ([@bib25]), we and others have recently developed conditional mouse genetic models of FOP ([@bib15]; [@bib26]), which circumvent the perinatal lethality of constitutive *Acvr1^R206H^* mice ([@bib4]). Using FOP mice, we identified fibro/adipogenic progenitors (FAPs), PDGFRα+ multipotent cells widely distributed in muscles and other tissues, as a key cell-of-origin of heterotopic cartilage and bone ([@bib26]). Targeting *Acvr1^R206H^* expression to FAPs results in robust injury-induced HO, and early-onset spontaneous HO in juvenile mice ([@bib26]). The current study more fully characterizes FAP-directed spontaneous HO, which shows marked similarities to the human condition.

FOP mice ([@bib15]) and patient-derived induced pluripotent stem cells ([@bib17]) were instrumental in the discovery of the fundamental and unexpected role of activin ligands in FOP pathogenesis, and antibody-based activin inhibition has emerged as a leading candidate therapeutic approach ([@bib15]; [@bib26]; [@bib46]) that is now being evaluated in clinical trials. A second treatment modality, the retinoic acid receptor gamma (RARγ) agonist, palovarotene ([@bib5]; [@bib40]; [@bib43]), has already shown some promise in clinical trials with adult FOP patients and enrollment is underway for safety and efficacy studies in children. RARγ agonists have been shown to dampen BMP signaling by reducing SMAD1/5/8 phosphorylation ([@bib40]), potentially by increasing proteasome-mediated SMAD degradation, as has been shown for all-*trans*-retinoic acid ([@bib39]). These effects likely explain, at least in part, the inhibitory effects of RARγ agonists on chondrogenic and osteogenic differentiation in BMP-induced and genetic models of HO ([@bib5]; [@bib18]; [@bib41]; [@bib40]; [@bib43]; [@bib50]). Intriguingly, pretreating bone marrow-derived mesenchymal stem cells with the RARγ agonists CD1530 ([@bib40]) or NRX204647 ([@bib41]) blocked BMP2-induced skeletogenic differentiation, possibly by reprogramming these cells to a non-skeletal lineage ([@bib41]; [@bib40]). These latter results raise the possibility that short-term therapeutic intervention could have long-term efficacy, thereby minimizing the potential for retinoid-associated skeletal toxicity ([@bib10]) in children, as noted previously ([@bib40]).

In the present study, the effects of daily palovarotene treatment on juvenile FOP mice were assessed, with a focus on body-wide spontaneous HO and skeletal development. We also used a transplantation model and live-animal imaging to quantify cell population dynamics of *Acvr1^R206H^*-expressing FAPs (R206H-FAPs) prior to the formation of calcified bone. The effects of palovarotene treatment on cell engraftment and population expansion were compared to those of an anti-activin A blocking antibody (ActA-mAb). Finally, we tested whether palovarotene pretreatment renders R206H-FAPs refractory to skeletogenic differentiation.

Results {#s2}
=======

Targeting *Acvr1^R206H^* expression to FAPs models spontaneous HO in FOP {#s2-1}
------------------------------------------------------------------------

To evaluate the efficacy of the RARγ agonist palovarotene on a cell type demonstrably relevant to FOP, we used the previously described *Acvr1^tnR206H^* mouse genetic model ([@bib26]) and targeted expression of *Acvr1^R206H^* to FAPs using the Pdgfrα-Cre driver ([@bib37]). The eGFP Cre-dependent reporter allele, *R26^NG^* ([@bib55]), was included to confirm the specificity of recombination driven by Pdgfrα-Cre ([@bib26]). We have previously shown that Pdgfrα-Cre-driven recombination of the *Acvr1^tnR206H^* allele reliably results in FOP-like spontaneous HO and reduces survival by 6-weeks-of-age ([@bib26]). Here we conducted a detailed natural history of progressive HO and osteochondroma formation in this model, focusing on age of disease onset, rate of disease progression, and survival. These studies served as the foundation for subsequent drug testing.

*Acvr1^tnR206H/+^;R26^NG/+^*;Pdgfrα-Cre (Pdgfrα-R206H) mice were produced at Mendelian frequencies (n = 168 mice scored) and lacked overt abnormalities such as the great toe malformation that characterizes human FOP. Although HO was not detectable via gross observation at P14, whole-mount Alcian Blue and Alizarin Red staining revealed that two of ten mice exhibited early-stage HO ([Figure 1A--F](#fig1){ref-type="fig"}; [Table 1](#table1){ref-type="table"}). These lesions were composed primarily of cartilage, with little calcification detectable ([Figure 1D--F](#fig1){ref-type="fig"}). Also evident were mild overgrowths of endogenous boney protuberances, particularly the deltoid tuberosity, which were observed in 40% of P14 Pdgfrα-R206H mice ([Figure 1C](#fig1){ref-type="fig"}; [Table 1](#table1){ref-type="table"}). These overgrowths were often stalk-like cartilage-capped projections that morphologically resemble the osteochondromas observed in FOP patients ([@bib8]; [@bib21]; [@bib28]).

![Natural history of juvenile Pdgfrα-R206H mice.\
(**A--S**) Whole mount skeletal preparations of wild-type (WT) and Pdgfrα-R206H mice stained with Alcian Blue and Alizarin Red (ABAR) to detect cartilage and bone, respectively. (**A, G, N**) HO was never observed in WT mice. (**B**) Pdgfrα-R206H mice rarely exhibited HO at P14. (**C**) A stalk-like osteochondroma (open arrowhead) emanating from the deltoid tuberosity of the humerus. (**D, E, F**) When present, HO at P14 was primarily comprised of cartilage (arrowheads) with minimal bone (arrow). (**H**) All P28 Pdgfrα-R206H mice presented multiple sites of HO (arrows). (**I--M**) Higher magnification images of HO in P28 Pdgfrα-R206H mice, which contained both boney (arrows) and cartilaginous (arrowheads) regions. (**L**) An osteochondroma (open arrowhead) and HO (arrows/arrowheads) in the same forelimb limb. (**O--S**) P42 Pdgfrα-R206H mice exhibited widespread boney HO (arrows), which occasionally contained peripheral cartilage (arrowheads). (**P--S**) Higher magnification images of HO in P42 Pdgfrα-R206H. (**T**) Compared to WT mice, Pdgfrα-R206H mice exhibited a 16% and 35% reduction in mean body weight at P28 (n = 11; p\<0.01) and P42 (n = 6; p\<0.0001), respectively. Means are depicted (black bars), and statistical significance was assessed by one-way ANOVA. (**U**) Pdgfrα-R206H mice survived to a median age of 39 days and exhibited a significantly reduced survival rate of 43% at P42, as assessed by log-rank (n = 14; p\<0.0001).](elife-40814-fig1){#fig1}

10.7554/eLife.40814.004

###### Incidence of HO/overgrowth in untreated Pdgfrα-R206H mice

  Site                                 P14 (n = 10)   P28 (n = 11)   P42 (n = 6)
  ------------------------------------ -------------- -------------- -------------
  Ankle                                20%            73%            100%
  Knee                                 0%             0%             33%
  Hip                                  10%            36%            33%
  Wrist                                0%             45%            66%
  Abdomen                              0%             0%             0%
  Forearm                              0%             9%             83%
  Elbow/Upper Arm                      40%            64%            100%
  Shoulder                             0%             9%             33%
  Thoracic/Cervical Vertebrae          0%             18%            50%
  Lumbar/Sacral Vertebrae              0%             27%            33%
  Jaw                                  10%            18%            100%
  At least one site of HO/Overgrowth   40%            100%           100%

In agreement with the natural course of human FOP ([@bib36]; [@bib35]), the incidence of HO in Pdgfrα-R206H mice increased with age and affected all regions and tissues known to be susceptible in humans ([Table 1](#table1){ref-type="table"}). By P28, all Pdgfrα-R206H mice exhibited HO at multiple sites ([Figure 1G--M](#fig1){ref-type="fig"}; [Table 1](#table1){ref-type="table"}). HO ([Figure 1I](#fig1){ref-type="fig"}) and osteochondromas ([Figure 1L](#fig1){ref-type="fig"}) were often detected at the deltoid tuberosity (also see [Figure 1---figure supplement 1A--C](#fig1s1){ref-type="fig"}). Although it remains formally possible that osteochondromas progressed to HO in Pdgfrα-R206H mice, such an occurrence is rare in human FOP ([@bib8]; [@bib21]; [@bib28]). Hence, we speculate that HO of the deltoid tuberosity arises from recruitment of nearby intramuscular or intratendinous R206H-FAPs. Periosteal cells are another possible HO precursor, as Pdgfrα-Cre is also expressed in the periosteum ([@bib26]). Joint ankylosis was common in P28 Pdgfrα-R206H mice, which weighed an average of 19% less than wild-type littermates ([Figure 1T](#fig1){ref-type="fig"}; n = 11; p\<0.01). At the P42 endpoint of the natural history study, all surviving Pdgfrα-R206H mice were heavily burdened with HO ([Figure 1N--S](#fig1){ref-type="fig"}) and exhibited ankylosis of multiple joints ([Table 1](#table1){ref-type="table"}). Pdgfrα-R206H mice weighed an average of 35% less than littermate controls at P42 ([Figure 1T](#fig1){ref-type="fig"}; n = 6; p\<0.0001). For humane reasons, Pdgfrα-R206H mice were euthanized if body weight loss from peak weight exceeded 20%. Using both premature death and removal from the study to calculate survival, median survival of Pdgfrα-R206H mice was 39 days, with a significantly reduced survival rate of 43% at P42 ([Figure 1U](#fig1){ref-type="fig"}; n = 14; p\<0.0001). It is likely that reduced survival and substantial weight loss are primarily related to ankylosing HO of the jaw, which was observed in all mice that failed to reach the P42 natural history study endpoint.

Daily palovarotene treatment ameliorates HO and osteochondroma formation in juvenile Pdgfrα-R206H mice {#s2-2}
------------------------------------------------------------------------------------------------------

To assess the effect of daily palovarotene treatment, Pdgfrα-R206H mice were randomized into one of three groups that received daily administration of 0.735 mg/kg palovarotene, 1.47 mg/kg palovarotene, or vehicle alone from P14 through P41. Mean body weight gain in palovarotene-treated Pdgfrα-R206H mice trended lower than vehicle (21% less for the 0.735 mg/kg palovarotene group and 28% less for 1.47 mg/kg palovarotene group) ([Figure 2A](#fig2){ref-type="fig"}), although this difference was not statistically significant. 47% of vehicle-treated Pdgfrα-R206H mice survived to P42, similar to untreated Pdgfrα-R206H mice from the natural history study (Compare [Figure 2B](#fig2){ref-type="fig"} to [Figure 1U](#fig1){ref-type="fig"}). Surprisingly, palovarotene did not improve survival of Pdgfrα-R206H mice, with a P42 survival rate of 27% for 0.735 mg/kg palovarotene-treated mice and 33% for 1.47 mg/kg palovarotene-treated mice ([Figure 2B](#fig2){ref-type="fig"}). Whereas 100% of Pdgfrα-R206H mice euthanized early or found dead in the vehicle treatment group had HO of the jaw ([Figure 2C](#fig2){ref-type="fig"}), 9% of 0.735 mg/kg palovarotene-treated mice and 60% of 1.47 mg/kg palovarotene-treated mice euthanized or dead prior to P42 lacked HO of the jaw ([Figure 2C](#fig2){ref-type="fig"}). In addition, treatment with 1.47 mg/kg palovarotene also reduces survival of wild-type juvenile mice ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). These results suggest that palovarotene exhibits dose-dependent toxicity in juvenile mice, although the reason for reduced survival is currently unknown.

![Palovarotene reduces the severity of HO in Pdgfrα-R206H mice.\
(**A**) Body weight of Pdgfrα-R206H mice receiving palovarotene (PVO) trended lower but was not significantly different from those receiving vehicle, as assessed by two-way ANOVA. (**B**) Survival of Pdgfrα-R206H mice receiving PVO was not significantly different that those receiving vehicle, as assessed by log-rank. (**C**) Of Pdgfrα-R206H mice euthanized early or found dead prior to P42, only PVO-treated groups contained mice that lacked jaw HO. (**D**) Comparison of HO/overgrowth burden at P42. Data for untreated mice are from the natural history study. Both PVO-treated groups exhibited a \~ 50% reduction in HO severity. The HO/overgrowth score of each mouse is represented as a single point; group mean (black bar)±standard deviation (error bars) are shown. (**E--R**) Whole mount ABAR skeletal preparations of Pdgfrα-R206H mice at P42. (**E--H**) Vehicle treatment did not alter HO pathogenesis, which presented as bone (arrows) with limited cartilage (arrowheads). (**F**) Rib and (**G**) knee morphology was normal in vehicle-treated Pdgfrα-R206H mice (circles). (**I--M**) 0.735 mg/kg PVO-treated and (**N--R**) 1.47 mg/kg PVO-treated Pdgfrα-R206H mice exhibited reduced HO (arrows), and (**J, O, P**) osteochondromas were often absent (asterisks). (**I, K--N, Q, R**) PVO-treated Pdgfrα-R206H mice commonly presented abnormal shoulder, wrist, knee, and rib morphology at the costochondral junction (boxes).](elife-40814-fig2){#fig2}

As extensive fusion of HO to the endogenous skeleton prevented accurate volumetric HO segmentation and quantification, we employed a semi-quantitative scale to score the severity of HO. Using mice stained with Alcian Blue and Alizarin Red, sites of HO and skeletal overgrowth were scored as mild (1), moderate (2), or severe (3) based on estimated total HO volume. A cumulative score per mouse was then calculated by adding the individual score for each site of HO or overgrowth. As observed in the natural history study, vehicle-treated Pdgfrα-R206H mice that survived to the end of the study (P42) exhibited extensive HO at multiple sites ([Figure 2D,E,G,H](#fig2){ref-type="fig"}; [Table 2](#table2){ref-type="table"}). Total body HO/overgrowth burden was reduced \~50% by palovarotene treatment ([Figure 2D](#fig2){ref-type="fig"}; [Table 2](#table2){ref-type="table"}), which was not significantly different between the two palovarotene treatment groups. The failure of increased dose to further reduce HO suggests limits to the therapeutic efficacy of palovarotene in FOP mice.

10.7554/eLife.40814.007

###### Incidence of HO/overgrowth in vehicle and PVO-treated P42 Pdgfrα-R206H mice

  --------------------------------------------------------------------------------------------------
  Site                                 Vehicle\   0.735 mg/kg PVO (n = 4)   1.47 mg/kg PVO (n = 5)
                                       (n = 7)                              
  ------------------------------------ ---------- ------------------------- ------------------------
  Ankle                                86%        0%                        20%

  Knee                                 29%        75%                       80%

  Hip                                  14%        0%                        40%

  Wrist                                0%         50%                       0%

  Abdomen                              57%        25%                       40%

  Forearm                              14%        0%                        0%

  Elbow/Upper Arm                      100%       50%                       0%

  Shoulder                             57%        75%                       80%

  Thoracic/Cervical Vertebrae          14%        25%                       80%

  Lumbar/Sacral Vertebrae              29%        75%                       100%

  Jaw                                  43%        0%                        40%

  At least one site of HO/Overgrowth   100%       100%                      100%
  --------------------------------------------------------------------------------------------------

Interestingly, palovarotene exhibited disparate site-specific effects. For example, although palovarotene substantially reduced HO/overgrowth at the elbow/upper arm and ankle ([Figure 2I,J,K,N,O,P](#fig2){ref-type="fig"}; [Table 2](#table2){ref-type="table"}), palovarotene-treated Pdgfrα-R206H mice exhibited comparable or increased incidence of HO/overgrowth at the knee, shoulder, and spine ([Figure 2I,K,L,N,O,Q](#fig2){ref-type="fig"}; [Table 2](#table2){ref-type="table"}). The knee joint was most commonly affected in P42 Pdgfrα-R206H mice receiving palovarotene, with three of four mice treated with 0.735 mg/kg palovarotene and four of five mice receiving 1.47 mg/kg palovarotene exhibiting apparent overgrowth at this site ([Figure 2I,L,N,Q](#fig2){ref-type="fig"}; [Table 2](#table2){ref-type="table"}). In addition, altered rib morphology at the costochondral junction was observed in one of four 0.735 mg/kg palovarotene-treated ([Figure 2M](#fig2){ref-type="fig"}) Pdgfrα-R206H mice and all five 1.47 mg/kg palovarotene-treated Pdgfrα-R206H mice ([Figure 2R](#fig2){ref-type="fig"}). Abnormal joint or rib morphology was not observed in vehicle-treated Pdgfrα-R206H mice ([Figure 2F,G](#fig2){ref-type="fig"}) or untreated Pdgfrα-R206H mice from the natural history study.

Daily palovarotene treatment disrupts growth plate and synovial joint morphology in juvenile FOP mice {#s2-3}
-----------------------------------------------------------------------------------------------------

To further characterize the aberrant skeletal growth phenotype of palovarotene-treated Pdgfrα-R206H mice, we conducted μCT and histological analysis of the knee at P42. Whereas overall knee morphology of vehicle-treated Pdgfrα-R206H mice was comparable to wild-type mice ([Figure 3A--D](#fig3){ref-type="fig"}), three of four 0.735 mg/kg palovarotene-treated Pdgfrα-R206H mice and four of five 1.47 mg/kg palovarotene-treated Pdgfrα-R206H mice exhibited severe osteochondral overgrowth at the knee ([Figure 3E--H](#fig3){ref-type="fig"}). Histological analyses indicated that the overgrowths emanated from the articular cartilages and associated connective tissues of the distal femur and proximal tibia ([Figure 3F,H](#fig3){ref-type="fig"}). Similar adverse effects were observed when wild-type mice were administered an identical palovarotene dosing regimen ([Figure 3---figure supplement 1A--F](#fig3s1){ref-type="fig"}). Whether palovarotene-induced articular cartilage overgrowth is related to the pro-proliferative effects of retinoids on chondrocytes in other experimental settings ([@bib11]; [@bib24]) requires further investigation. Regardless of mechanism, these data indicate that palovarotene exhibits skeletal toxicity that is consistent with known effects of chronic retinoid treatment on synovial joint tissue in animal models ([@bib13]; [@bib6]; [@bib23]) and in humans ([@bib32]; [@bib47]).

![Palovarotene adversely affects synovial joints in juvenile Pdgfrα-R206H mice.\
(**A, C, E, G**) µCT images of P42 mouse knees displaying lateral, frontal, and medial orientation. (**B, D, F, H**) Hematoxylin and eosin (H and E) staining of the same knee (p, patella; f, femur, t, tibia), oriented on the frontal plane. (**A, B**) WT knee morphology is comparable to that of (**C, D**) vehicle-treated Pdgfrα-R206H mice. (**E--H**) PVO-treated Pdgfrα-R206H mice exhibited overgrowth of knee articular cartilage, as detected by µCT (white arrows) and histology (black arrows). Scale bars = 1 mm for (**B, D, F, H**).](elife-40814-fig3){#fig3}

As retinoids are known regulators of growth plate chondrogenesis ([@bib7]; [@bib52]; [@bib51]), we next assessed the effect of daily palovarotene treatment on tibial growth plate morphology. Histological evaluation of the proximal tibia showed that vehicle-treated Pdgfrα-R206H mice exhibited growth plate, articular cartilage, and trabecular bone morphology that was comparable to wild-type mice ([Figure 4A--F](#fig4){ref-type="fig"}). In contrast, three of four Pdgfrα-R206H mice treated with 0.735 mg/kg palovarotene and four of five Pdgfrα-R206H mice treated with 1.47 mg/kg palovarotene lacked a proximal tibia growth plate and exhibited thickened articular cartilage ([Figure 4G--L](#fig4){ref-type="fig"}). Although trabeculation also was reduced in palovarotene-treated mice that lacked a growth plate ([Figure 4G--L](#fig4){ref-type="fig"}), it is unclear if reduced trabeculation is a direct effect of palovarotene or resulted from reduced load-bearing associated with altered knee morphology. Growth plate loss was also observed in palovarotene-treated wild-type mice ([Figure 3---figure supplement 1A--F](#fig3s1){ref-type="fig"}). Measurement of the tibial growth plate zones of Pdgfrα-R206H mice revealed normal proliferative zone width but reduced hypertrophic zone width ([Figure 4M](#fig4){ref-type="fig"} p=0.01), as was reported for *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre mice ([@bib5]). However, whether palovarotene normalized hypertrophic zone length in Pdgfrα-R206H mice, as was observed in *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre mice ([@bib5]), could not be assessed as only one mouse from each palovarotene treatment group retained a growth plate at P42 ([Figure 4M](#fig4){ref-type="fig"}). Interestingly, the single mouse from each palovarotene treatment group that retained a growth plate at P42 exhibited normal articular cartilage and trabecular bone morphology ([Figure 4---figure supplement 1A--D](#fig4s1){ref-type="fig"}). However, boney bridges were observed within the growth plates of these mice [Figure 4---figure supplement 1B,D](#fig4s1){ref-type="fig"}), which are suggestive of prior growth plate trauma ([@bib49]; [@bib54]). Given that alteration of cartilage matrix composition is a known effect of retinoids ([@bib3]; [@bib48]; [@bib33]), we speculate that these two mice represent an intermediate stage prior to the complete growth plate loss observed in all other palovarotene-treated Pdgfrα-R206H mice.

![Palovarotene results in growth plate loss in juvenile Pdgfrα-R206H mice.\
(**A--L**) H and E analysis of the proximal P42 tibia, oriented on the frontal plane. (**A, D**) Low magnification images with the growth plate (white boxes) and articular cartilage (black boxes) denoted. Corresponding high magnification images of the (**B, E**) growth plate and (**C, F**) articular cartilage revealed that WT mice and vehicle-treated Pdgfrα-R206H mice exhibit similar growth plate (pz = proliferative zone; hz = hypertrophic zone), subchondral bone (**b**), and articular cartilage (ac) morphology. (**G, J**) Low magnification images showing growth plate loss (white boxes) and thickened articular cartilage (black boxes) in PVO-treated Pdgfrα-R206H mice. Corresponding high magnification images revealed (**H, K**) an open marrow space lacking trabeculation, and (**I, L**) thinner subchondral bone (**b**) coupled with thickened articular cartilage (ac). (**M**) Growth plate proliferative and hypertrophic zone width at P42. (**N**) Tibial length of WT and Pdgfrα-R206H mice at P42. Each dot represents data from a single mouse, and group mean is represented by a horizontal bar. Statistical significance was determined by one-way ANOVA (ns, not significant; \*=p ≤ 0.05; \*\*=p ≤ 0.01; \*\*\*=p ≤ 0.001; \*\*\*\*=p ≤ 0.0001). Scale bars = 1 mm for A, D, G, J and 100 μm for B, C, E, F, H, I, K, L.](elife-40814-fig4){#fig4}

Pdgfrα-R206H mice exhibited a 5% reduction in tibial length, as compared to wild-type mice ([Figure 4N](#fig4){ref-type="fig"}; p=0.02). In comparison to vehicle, which did not affect tibial length in Pdgfrα-R206H mice, tibial length was shortened by 13% (p\<0.001) in response to 0.735 mg/kg palovarotene and 19% (p\<0.001) in response to 1.47 mg/kg palovarotene ([Figure 4N](#fig4){ref-type="fig"}). Although the trend indicated a dose-dependent decrease in tibial length, differences between doses did not reach statistical significance (p=0.06). While differences in total body length and spine length between treatment groups at the end of the study were not statistically significant, these parameters trended lower in palovarotene-treated Pdgfrα-R206H mice, compared to vehicle-treated mice ([Figure 4---figure supplement 2A,B](#fig4s2){ref-type="fig"}). In contrast, palovarotene-treated Pdgfrα-R206H mice exhibited stouter snouts compared to wild-type and vehicle-treated Pdgfrα-R206H mice, likely due to an effect of palovarotene on nasal cartilage ([Figure 4---figure supplement 2C,D](#fig4s2){ref-type="fig"}[)]{.smallcaps}.

Palovarotene inhibits activin A-induced chondrogenic and osteogenic differentiation of R206H-FAPs but does not permanently alter FAP behavior {#s2-4}
---------------------------------------------------------------------------------------------------------------------------------------------

To examine the ability of palovarotene to reduce the skeletogenic capacity of R206H-FAPs, we induced chondrogenic differentiation by micromass culture of FACS-isolated and expanded R206H-FAPs. Inclusion of ActA-mAb in the culture media resulted in loss of Alcian Blue staining, demonstrating that chondrogenic differentiation of R206H-FAPs, like osteogenic differentiation ([@bib26]), is dependent on serum activin A ([Figure 5A](#fig5){ref-type="fig"}). Further, the chondrogenic capacity of R206H-FAPs was greatly enhanced by inclusion of 25 ng/mL activin A (\~1 nM of β~A~β~A~ dimers; [Figure 5B](#fig5){ref-type="fig"}). Compared to media only, palovarotene treatment resulted in a dose-dependent inhibition of chondrogenic differentiation ([Figure 5A](#fig5){ref-type="fig"}). Notably, palovarotene also effectively inhibited the ability of exogenous activin A to induce chondrogenic differentiation of R206H-FAPs, with 10 nM palovarotene displaying similar efficacy as treatment with ActA-mAb ([Figure 5A,B](#fig5){ref-type="fig"}). We next sought to determine whether treatment with palovarotene inhibits R206H-FAP-driven HO using an established transplantation paradigm ([@bib26]). SCID hosts receiving daily dosing of 1.47 mg/kg palovarotene exhibited a \~ 70% reduction in HO volume following transplantation of R206H-FAPs, as compared to untreated or vehicle-treated SCID hosts ([Figure 5C,D,F](#fig5){ref-type="fig"})

![PVO treatment inhibits chondrogenic and osteogenic differentiation of R206H-FAPs.\
(**A, B**) Chondrogenic differentiation of high-density R206H-FAPs cultures in (**A**) base media or (**B**) media with 25 ng/mL (\~1 nM) activin A was assessed by Alcian Blue staining to detect cartilage matrix proteoglycans at day 10 (n = 3 experiments). ActA-mAb was used at \~7 fold molar excess to activin A ligand (inhibin β~A~ dimers). (**C--E**) µCT of representative distal hindlimbs 14 days after transplantation of R206H-FAPs into SCID hosts. HO is pseudocolored green and volume given in mm^3^. (**F**) Quantification of HO volume at day 14 post-transplantation of R206H-FAPs. Each dot represents a single transplantation with group mean (black bar) and ± standard deviation (error bars) shown. Statistical significance was assessed by one-way ANOVA; \*\*\*\*=p ≤ 0.0001. PVO-pretreated FAPs received 1 µM PVO during the 7 day expansion period prior to in vitro or transplantation assays.](elife-40814-fig5){#fig5}

Using both cell culture and transplantation assays, previous studies have shown that a 2- to 3 day pretreatment of bone marrow-derived mesenchymal stem cells with the RARγ agonists CD1530 ([@bib40]) or NRX204647 ([@bib41]) prevents their subsequent differentiation into cartilage and bone, even in the presence of supraphysiological concentrations of osteogenic BMPs ([@bib41]; [@bib40]). To determine whether pretreatment of R206H-FAPs with palovarotene inhibits skeletogenic differentiation, we treated FACS-isolated R206H-FAPs with vehicle or 1 µM palovarotene during the standard, 7 day, expansion period. Following pretreatment, R206H-FAPs were subjected to in vitro micromass culture or transplanted into untreated SCID hosts. Palovarotene-pretreated R206H-FAPs displayed no overt reduction in chondrogenic differentiation ([Figure 5A,B](#fig5){ref-type="fig"}) and no statistically significant difference in HO forming capacity ([Figure 5E,F](#fig5){ref-type="fig"}).

Reduced expansion of transplanted R206H-FAPs is associated with a reduction in HO {#s2-5}
---------------------------------------------------------------------------------

Our previous data were consistent with the notion that the density or quantity of intramuscular R206H-FAPs is correlated with the severity of injury-induced HO and the age-of-onset of spontaneous HO ([@bib26]). Here, we used cell transplantation and bioluminescence imaging to directly establish the relationship between R206H-FAP cell number and resulting HO. Cell titration experiments determined that under the conditions employed, skeletogenic differentiation of R206H-FAPs requires transplantation of \>20,000 cells, and above this threshold number, mean HO volume was proportional to the number of R206H-FAPs transplanted ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). Given that palovarotene ([@bib5]; [@bib50]) and activin A ([@bib31]) can affect cell proliferation and survival in other contexts, we first characterized population growth dynamics of wild-type and R206H-FAPs following transplantation, and subsequently tested whether palovarotene treatment and sequestration of activin A influenced population growth of R206H-FAPs.

Longitudinal live animal imaging revealed that the number of wild-type FAPs almost doubled between days 1 and 3 and then declined by 73% between days 3 and 5, with only 9% of the peak population surviving to day 7 ([Figure 6A,E](#fig6){ref-type="fig"}). By contrast, R206H-FAPs exhibited enhanced survival at day 1 and more rapid expansion from days 1 to 3. Notably, R206H-FAPs continued to expand from days 3 to 5 ([Figure 6B,E](#fig6){ref-type="fig"}). The R206H-FAP population declined between days 5 and 7, coinciding with the onset of bone formation ([Figure 6B,E](#fig6){ref-type="fig"}). This decline is likely attributable to the death of chondrocytes and pre-osteoblasts that accompanies normal endochondral bone formation and to a reduction in detectable luminescence from FAP-derived osteocytes as they become encased in bone matrix.

![Activin sequestration restores wild-type population dynamics to bioluminescent R206H-FAPs.\
(**A--D**) 3D tomographic bioluminescent source reconstruction following transplantation of 10^6^ bioluminescent FAPs into SCID hosts. Paired images show µCT alone (left panel) and µCT combined with the corresponding 3D bioluminescent reconstruction (right panel). For each experimental group, the same mouse is shown from days 1--7. (**E**) Graphical representation of bioluminescent FAP population dynamics following transplantation into SCID hosts. Error bars represent ±standard error of the mean; see [Figure 6---source data 1](#fig6sdata1){ref-type="supplementary-material"} for statistical analysis. (WT, n = 5; R206H-FAPs, n = 12; R206H-FAPs + PVO 1.47 mg/kg, n = 6; R206H-FAPs + ActA mAb, n = 4). (**F**) Linear regression analysis of the relationship between HO volume and peak FAP number. Untreated SCID hosts were transplanted with either 10^6^ (black dots; n = 12) or 2 × 10^5^ (grey dots; n = 6) R206H-FAPs, and PVO-treated SCID hosts were transplanted with 10^6^ (red dots; n = 6) R206H-FAPs. Line of best fit (black line) and 95% confidence interval (dotted lines) are shown. R^2^ = 0.85 for untreated and 0.83 for PVO 1.47 mg/kg-treated groups.\
10.7554/eLife.40814.017Figure 6---source data 1.Two-way ANOVA analysis of bioluminescent FAP population dynamics *eLife's* transparent reporting form.](elife-40814-fig6){#fig6}

R206H-FAPs transplanted into ActA-mAb-treated SCID hosts did not form HO and exhibited population dynamics that were not significantly different from that of wild-type FAPs ([Figure 6C,E](#fig6){ref-type="fig"}; [Figure 6---source data 1](#fig6sdata1){ref-type="supplementary-material"}). This agrees with our previous endpoint histology showing that, in the absence of activin A, transplanted R206H-FAPs assumed a wild-type-like interstitial location adjacent to regenerated myofibers ([@bib26]). Palovarotene treatment did not significantly reduce survival of R206H-FAPs at day 1 after transplantation but did significantly limit their subsequent expansion. However, R206H-FAP numbers remained significantly higher in palovarotene-treated hosts than in untreated or ActA-mAb-treated hosts ([Figure 6D,E](#fig6){ref-type="fig"}; [Figure 6---source data 1](#fig6sdata1){ref-type="supplementary-material"}). For both untreated and palovarotene-treated mice, peak FAP number (typically occurring between days 3 and 5) strongly correlated with severity of HO formation at day 10 ([Figure 6F](#fig6){ref-type="fig"}; R^2^ = 0.85 for untreated and 0.83 for PVO treated groups). Thus, it appears that the efficacy of palovarotene in the transplantation paradigm is at least partially attributable to limiting pathogenic expansion and survival of R206H-FAPs.

Discussion {#s3}
==========

The longitudinal natural history analysis presented herein revealed the progressive nature of FOP pathogenesis in Pdgfrα-R206H mice. In addition to defining the time course of HO progression through 6-weeks-of-age and the effects of progressive HO on survival and morbidity, the analysis revealed the formation of osteochondromas in Pdgfrα-R206H mice, a phenotype present in FOP patients but not previously described in other FOP mouse models ([@bib5]; [@bib9]; [@bib15]; [@bib26]). It is also important to note that targeting expression of *Acvr1^R206H^* to FAPs did not result in regional or tissue restricted HO, as occurs when *Acvr1^R206H^* is expressed by Prrx1+, Mx1+, or Scx+ cell populations ([@bib5]; [@bib9]). Hence, Pdgfrα-R206H mice represent a faithful mouse model of juvenile FOP that is well-suited for preclinical drug testing.

In two important respects, results described here differ from previous findings of palovarotene effects on juvenile *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre mice ([@bib5]). First, palovarotene treatment of juvenile Pdgfrα-R206H mice resulted in severe skeletal toxicity, including growth plate loss and synovial joint overgrowth. In contrast, whereas both [@bib5] and the present study documented toxic effects of palovarotene on the skeleton of wild-type mice, palovarotene treatment actually ameliorated skeletal growth deficits in *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre mice. Second, while palovarotene reduced severity of whole-body HO and inhibited osteochondroma formation in Pdgfrα-R206H mice, palovarotene treatment of *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre mice resulted in more marked reductions in HO. Phenotypic differences in palovarotene effects on these distinct FOP mouse models are likely related to study-specific dosing schedules, the developmental stage at which treatment was initiated, and the endpoints at which analyses were conducted. [@bib5] administered palovarotene by oral gavage, first, by daily dosing of lactating females at a dose of 50 μg/mouse from the day of delivery to P15, and subsequently, by alternate-day dosing of *Acvr1^\[R206H\]FlEx/+^*;Prrx1-Cre pups with 20 μg/mouse palovarotene from P16 to P30. The present study utilized bodyweight-adjusted daily dosing from P14 to P42 by intraperitoneal injection of 0.735 mg/kg (equivalent to a starting and ending average dose of \~5 μg and \~11 μg per mouse, respectively) and 1.47 mg/kg (\~10 to\~22 μg/mouse). Importantly, palovarotene-induced skeletal toxicity is neither unique to the Pdgfrα-R206H mouse model nor to intraperitoneal administration, as apparently similar skeletal overgrowths occurred, but were not noted, in an independent study by [@bib18], in which mice were administered comparable daily doses of palovarotene via oral gavage from 2- to 6-weeks-of-age ([@bib18]), as in the present study. Since the palovarotene doses used in the current study and by [@bib18] were less than, or comparable to, that used by [@bib5] on a per-dose basis, it is reasonable to suggest that severe skeletal toxicity was related to greater overall palovarotene exposure associated with daily dosing. The overall length of the treatment window and developmental stage of exposure also appear to be critical variables, although distinguishing the relative contribution of each parameter is difficult. Thus, [@bib18] showed that reducing the window of palovarotene administration to 3- to 6-weeks-of-age did not result in reductions in tibia and femur length, which are characteristic of the 2- to 6 week exposure period, or in the loss of the distal femur growth plate ([@bib18]). The developmental window of palovarotene exposure might also explain the comparatively lower efficacy in reducing HO reported here, despite the daily dosing regimen, as a palovarotene dosing schedule that eliminated exposure from P0 to P14 was less effective at inhibiting HO ([@bib5]). Collectively, these data indicate that the developmental stage and duration of exposure to palovarotene, as well as dosing interval, all contribute to the extent of palovarotene efficacy and skeletal toxicity.

Pretreatment of bone marrow-derived mesenchymal stem cells with the RARγ agonists CD1530 or NRX204647 confers protection from BMP2-induced HO ([@bib41]; [@bib40]). If this were generally true for RARγ agonists, the risk of palovarotene-induced skeletal toxicity would likely be mitigated by the requirement for only short-term administration. However, it is clear from the present data that pretreatment of R206H-FAPs with palovarotene for 7 days does not render them refractory to skeletogenic differentiation. It remains unclear whether these disparate experimental outcomes are attributable to differences between palovarotene and other RARγ agonists, FAPs and bone marrow-derived mesenchymal stem cells, or the mechanism through which BMP2 and activin A induce HO.

Antibody-mediated activin inhibition is also being evaluated for safety and efficacy in a clinical trial for FOP. The data presented herein represents the first direct comparison of the ability of these two therapeutic modalities to modulate the behavior of FAPs, a major contributor to heterotopic skeletogenesis. By live-animal imaging we showed that treatment of SCID hosts with a blocking antibody to activin A restored wild-type population dynamics to transplanted R206H-FAPs, whereas palovarotene treatment resulted in a more modest, but statistically significant, reduction in the kinetics and extent of R206H-FAP population expansion. Consistent with this latter finding, recent studies showed that palovarotene reduces proliferation of lesional cells in injured FOP mice ([@bib5]) and in a rat model of blast injury and amputation-induced HO ([@bib34]). Although the present study did not distinguish between effects on cell proliferation and survival, it is reasonable to predict that inhibition of FAP proliferation by palovarotene represents a common mechanism of action in the present and previous studies. Our finding that total HO volume was tightly correlated with peak R206H-FAP number following transplantation predicts that therapeutic approaches that limit R206H-FAP proliferation, in addition to targeting signaling events associated with endochondral bone formation, would show greatest efficacy. More generally, targeting of FAP proliferation might have implications beyond FOP, as dysregulation of FAP population dynamics has been implicated in distinct pathological conditions. Specifically, FAP numbers rapidly increase following muscle injury, and the subsequent failure to appropriately reduce their numbers after initial expansion is associated with FAP-mediated fibrosis of muscle ([@bib20]; [@bib27]; [@bib29]; [@bib45]; [@bib44]). Thus, as inappropriate FAP survival and proliferation appear to represent a common indicator of pathogenic versus pro-regenerative FAP function ([@bib19]; [@bib27]; [@bib12]), and FAPs are widely distributed in non-muscle tissues and organs ([@bib53]), palovarotene and activin inhibition might also show efficacy in diseases or conditions characterized by fibrosis of muscles or other tissues.

Materials and methods {#s4}
=====================

Mouse crosses and genotyping {#s4-1}
----------------------------

All animal procedures were reviewed and approved by the University of Connecticut Institutional Animal Care and Use Committee. Tie2-Cre transgenic mice ([@bib22]) were a gift of Dr. Tom Sato (UT Southwestern). Generation of *Acvr1^tnR206H^* ([@bib26]) and *R26^NG^* ([@bib55]) knockin mice has been previously reported. Pdgfrα-Cre transgenic mice ([@bib37]) (Tg(Pdgfra-cre)1Clc) and *R26^luc^* ([@bib38]) mice (FVB.129S6(B6)-*Gt(ROSA)26Sor^tm1(Luc)Kael^*/J) were obtained from Jackson Laboratories. The SCID Hairless Outbred mice (SHO*-Prkdc^scid^Hr^hr^*) used for transplantation were obtained from Charles River.

*Acvr1^tnR206H/+^;R26^NG/+^*;Pdgfrα-Cre mice were generated as previously described ([@bib26]), and *Acvr1^tnR206H/+^;R26^luc/+^*;Tie2-Cre and *R26^luc/+^*;Tie2-Cre mice were generated using the same breeding scheme. Adult mice between 8- and 16-weeks-of-age were used for all experiments, and male and female mice were used interchangeably in all studies.

Mice were genotyped by PCR and reporter fluorescence, as previously described ([@bib26]). The following primers were used for genotyping *R26^luc^* mice: 5'-CGGTATCGTAGAGTCGAGGCC-3' and 5'-CAGGGCGTATCTCTTCATAGCC-3'. Mouse colonies were managed using SoftMouse Colony Management software (softmouse.net).

Reagents {#s4-2}
--------

Activin A was obtained from R and D Systems (Minneapolis, MN). A monoclonal antibody against activin A (ActA-mAb), which was provided by Acceleron Pharma (Cambridge, MA), was described previously ([@bib26]). Palovarotene was either provided, preformulated, by Clementia Pharmaceuticals (Montreal, Canada) or obtained from MedChemExpress (Monmouth Junction, NJ). Palovarotene dosing formulations were prepared as follows: 0.0735 mg/mL palovarotene in 0.735% DMSO with 4% Tween 80 in PBS (pH 7.4); 0.147 mg/mL palovarotene in 1.47% DMSO with 4% Tween 80 in PBS (pH 7.4). Vehicle dosing formulation was 1.47% DMSO with 4% Tween 80 in PBS (pH 7.4). The palovarotene dosing formulations prepared by Clementia were shipped on dry-ice, pre-aliquoted for daily use, and dosing formulations using palovarotene obtained from MedChemExpress were prepared in-house. All mice receiving palovarotene or vehicle were administered 10 mL per kg bodyweight.

Daily palovarotene dosing {#s4-3}
-------------------------

*Acvr1^tnR206H/+^;R26^NG/+^*;Pdgfrα-Cre mice were randomized into three study groups that received daily intraperitoneal (IP) injections of either 0.735 mg/kg palovarotene, 1.47 mg/kg palovarotene, or vehicle alone from P14 to P41. Palovarotene doses were determined by Clementia Pharmaceuticals and correspond to approximate adult human equivalent doses of 3.6 mg and 7.2 mg ([@bib30]). Similar doses were effective at inhibiting osteochondroma formation in a mouse model of hereditary exostosis ([@bib18]). IP injection was selected as the route of administration to avoid the possibility that physical manipulations associated with oral gavage would induce HO of the jaw. Untreated control littermates lacking either *Acvr1^tnR206H^* or Pdgfrα-Cre were included for comparison (these mice were phenotypically wild-type and are referred to as wild-type throughout). Investigators were blinded as to the identity of the groups until completion of the analysis. Mice were removed from the study and euthanized if body weight loss from peak weight exceeded 20%.

µCT imaging analyses and measurements {#s4-4}
-------------------------------------

µCT images were taken with an IVIS Spectrum-CT (Model 128201; Perkin Elmer, Hopkinton, MA) using either the medium resolution (75 µm voxel size; estimated radiation dose of 132 mGy; 210 s scan time) or standard resolution (150 µm voxel size; estimated radiation dose of 52.8 mGy; 140 s scan time) setting while mice were under isoflurane anesthesia. µCT images were generated and analyzed using Living Image 4.5 software (Perkin Elmer, Hopkinton, MA) or 3D Slicer software (<http://www.slicer.org>). 3D Slicer was used to measure body, spine, skull, and tibial length. Body length was measured from the anterior tip of the nasal bone to the base of sacral vertebrae 4. Skull length was measured from the anterior tip of the nasal bone to the most posterior point of the cranium, and spine length was measured from the foramen magnum to the base of sacral vertebrae 4. HO volume was quantified as previously described ([@bib26]).

Histology {#s4-5}
---------

Tissues were fixed immediately post-dissection in either 4% paraformaldehyde or 10% neutral buffered formalin (Sigma, St. Louis, MO). Samples were then decalcified in 12% EDTA (pH 7.2) and processed for paraffin embedding. Histological analysis was performed on 10 µm sections. De-paraffinized sections were stained with hematoxylin and eosin using standard methods. Histological specimens were imaged on a Nikon E600 microscope (Nikon, Tokyo, Japan) equipped with a Spot RT3 camera and Spot Advanced image capture software (Diagnostic Instruments, Sterling Heights, MI). Image processing and assembly were performed using Photoshop (Adobe, San Jose, CA).

Whole-mount skeletal preparations and HO scoring {#s4-6}
------------------------------------------------

Eviscerated adult mice were processed for whole-mount Alcian Blue and Alizarin Red skeletal staining as previously described ([@bib26]). Skeletal overgrowth and boney/cartilaginous HO lesions were assessed by visual inspection and assigned a score of 1 (small), 2 (intermediate) or 3 (large) based on estimated total volume. Each mouse was independently scored by a minimum of three researchers, blinded as to the identity of the groups, and the average score was recorded. Total HO/overgrowth load was calculated by adding the cumulative score of HO and skeletal overgrowth at all sites per mouse. Whole-mount Alcian Blue and Alizarin Red skeletal samples were imaged on a Pentax K-30 camera (Ricoh Imaging, Tokyo, Japan). Image processing and assembly was performed using Photoshop.

Fluorescence activated cell sorting (FACS) and FAP expansion {#s4-7}
------------------------------------------------------------

Details of skeletal muscle dissection and isolation of FAPs have been previously described ([@bib2]; [@bib26]; [@bib53]). Sorting was performed on a FACS Aria II (BD Biosciences, Franklin Lakes, NJ) equipped with 407, 488, and 633 lasers. FACS-isolated FAPs were seeded at a density of 2000 cells/cm^2^ onto tissue culture flasks (Nunc, Rochester, NY) in Dulbecco\'s Modified Eagle Medium (DMEM; Life Technologies, Carlsbad, CA) with 50 U/mL Penicillin and 50 μg/mL Streptomycin (Pen/Strep; Gibco, Billings, MT) and 20% HyClone fetal bovine serum (FBS), characterized (GE Healthcare, Chicago, IL; Lot\# A00168). FAPs were maintained at 37°C in a humidified atmosphere at 5% CO~2~. Media was changed every other day. All experiments utilized FAPs passaged fewer than three times.

Chondrogenic assay {#s4-8}
------------------

FACS-isolated and expanded FAPS were resuspended at 2 × 10^7^ cells/mL and plated in 10 µL high-density micromass dots onto 35 mm tissue culture dishes (Nunc, Rochester, NY). Following attachment, DMEM/F12 media (Life Technologies, Carlsbad, CA) containing 5% FBS plus Pen/Strep was added. Micromass cultures were fed every other day as described for each experiment. After 10 days of culture, cells were fixed with 10% neutral buffered formalin (Sigma, St. Louis, MO) and stained with Alcian Blue, as previously described ([@bib14]), to detect cartilage-specific proteoglycans.

Transplantation and drug treatment {#s4-9}
----------------------------------

FACS-isolated and expanded FAPs were resuspended in 50 µL of ice-cold 1X Dulbecco\'s Phosphate-Buffered Saline (DPBS; Gibco, Billings, MT) and injected into the gastrocnemius muscle of SCID mice as previously described ([@bib26]). In most cases, both gastrocnemius muscles of an individual mouse were injected. For a given treatment group, variation in HO volume within and between mice was not statistically different, and each injection was treated as an independent event for statistical analysis. The gastrocnemius muscle was pinch-injured the day of transplantation using 3500 -- 3700 grams of force applied with a Randall Selitto Paw Pressure Test Apparatus (IITC Life Science, Woodland Hills, CA). Treated SCID host mice received a single subcutaneous dose of ActA-mAb (10 mg/kg) on the day of injury, or daily IP injections of 1.47 mg/kg palovarotene or vehicle, beginning 3 days prior to injury and transplantation.

In vivo bioluminescence imaging {#s4-10}
-------------------------------

Bioluminescence images were acquired using an IVIS Spectrum-CT and analyzed with Living Image 4.5 software. SCID hosts were injected IP with D-luciferin (Perkin Elmer, Hopkinton, MA) at 150 mg/kg prior to bioluminescence imaging. The bioluminescent light emission plateau was empirically determined to be 12 --16 min after D-luciferin substrate injection. Animals were anesthetized using the built-in XGI-8 Gas Anesthesia System with oxygen containing 2% isoflurane and placed into the imaging chamber. For 3D Diffuse Luminescent Imaging Tomography (DLIT) reconstruction, a µCT image was obtained first using the medium resolution setting (75 µm voxel size; estimated radiation dose 132 mGy; 210 s scan time) for subsequent surface tomography reconstruction. The imaging parameters are comprised of a series of 2D bioluminescence surface radiance images at 560, 580, 600, 620 and 640 nm with a field of view of 6.5 cm. The DLIT reconstruction algorithm in Living Image 4.5 software utilizes the acquired µCT image to establish the air/tissue boundary upon which it superimposes a 3D reconstruction of the bioluminescent signal, which is based on differential surface bioluminescence signal intensity across the firefly luciferase emission spectrum. The DLIT reconstruction was normalized to tissue absorption spectra and calibrated to estimate cell number based on source depth, signal intensity, and light emission per cell (see well-plate quantification below).

Quantification of FAP bioluminescence in vitro {#s4-11}
----------------------------------------------

To estimate luminescence output per cell for DLIT reconstruction, serial dilutions of the luciferase-expressing FAP population to be transplanted were plated into black-walled 24-well plates. For bioluminescence quantification, media was replaced with DMEM containing 0.3 mg/ml D-luciferin (Perkin Elmer, Hopkinton, MA). The luminescence signal was measured using an IVIS Spectrum-CT. Serial images were acquired with an open emission filter at 1 min intervals to determine peak signal. Light emission (photons/second) was quantified and normalized as a function of cell number using the Well Plate Quantification function of Living Image 4.5 software. A representative example is shown in [Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}.

Statistical analysis {#s4-12}
--------------------

Statistical analysis was performed using GraphPad Prism (GraphPad, La Jolla, CA). All numerical values are presented as mean values ± the standard error of the mean or standard deviation, and one or two-way ANOVA was used to determine significance, as described in the corresponding figure legends. Survival was assessed by log-rank. Differences were considered significant at p\<0.05.

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/100000069National Institute of Arthritis and Musculoskeletal and Skin Diseases R01AR057371 to David J Goldhamer.

-   Clementia Pharmaceuticals Sponsored Research Agreement to David J Goldhamer.

We thank members of the Goldhamer lab for helpful comments throughout the course of this work, and Dr. Isabelle Lemire (Clementia Pharmaceuticals) for critical input on study design and careful critique of the manuscript. We also thank FACS facility scientist, Dr. Wu He, for expert technical assistance, and Acceleron Pharma for the anti-activin A monoclonal antibody. This work was supported by a sponsored research agreement with Clementia Pharmaceuticals and a grant from the NIH to DJG (R01AR057371).

Additional information {#s5}
======================

No competing interests declared.

The work was funded, in part, by a sponsored research agreement with Clementia Pharmaceuticals.

Conceptualization, Data curation, Formal analysis, Investigation, Writing---original draft, Project administration, Writing---review and editing.

Data curation, Formal analysis, Validation, Investigation, Writing---review and editing.

Formal analysis, Investigation, Writing---review and editing.

Investigation, Writing---review and editing.

Investigation, Writing---review and editing.

Resources, Methodology, Writing---review and editing.

Conceptualization, Formal analysis, Supervision, Funding acquisition, Validation, Methodology, Writing---original draft, Project administration, Writing---review and editing.

Animal experimentation: This study strictly followed the recommendations in the Guide for the Care and Use of Laboratory Animals. All experiments were approved by the University of Connecticut Animal Care and Use Committee (IACUC), and are covered under protocol \#A17-015.

Additional files {#s6}
================

10.7554/eLife.40814.018

Data availability {#s7}
-----------------

All data generated or analysed during this study are included in the manuscript and supporting files.

10.7554/eLife.40814.020

Decision letter

Rosen

Clifford J

Reviewing Editor

Maine Medical Center Research Institute

United States

Rosen

Clifford J

Reviewer

Maine Medical Center Research Institute

United States

Yu

Paul B

Reviewer

Brigham and Women\'s Hospital

United States

Rosen

Vicki

Reviewer

Harvard School of Dental Medicine

United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Congratulations, we are pleased to inform you that your article, \"Palovarotene reduces heterotopic ossification in juvenile FOP mice but exhibits pronounced skeletal toxicity\", has been accepted for publication in *eLife*.

Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Mark McCarthy as the Senior Editor. The reviewers have opted to remain anonymous.

There will be significant interest in this well written paper which is likely to affect further clinical trials in FOP as well solidifying the pathogenic mechanisms of this disease. There are a few minor points that the authors need to address in the Discussion even with the acceptance. The authors should comment on the variable response in dose of palovarotene, the cause of death of juvenile WT mice, and speculate how PVO might enhance cartilage growth. We suggest you place the statistical methods in a separate section of the manuscript and note if the means are represented as SEM or SD. These edits will not affect the decision to publish this paper.

*Reviewer \#1:*

In this manuscript Lees Shephard and colleagues demonstrate the in vitro and in vivo effects of palovarotene on a new animal model of spontaneous HO. Their work is based on the hypothesis that activation of the activin A receptor in Pdgfrα FOPs results in spontaneous HO and ultimately FOP. Recently published work by this same group introduced the mouse model which recapitulates spontaneous HO while these studies examine the efficacy of palovarotene vs. an activin A blocking antibody in the treatment of spontaneous HO. Several results highlight the significance of this work including:

1\) The relationship of FAP number to disease progression and further characterization of their mouse model, both treated and untreated -- i.e. natural history studies;

2\) The difference in FAP expansion in treated cells between palovarotene and an activin A blocking antibody;

3\) The first head to head comparison of two treatments (activin A antibody vs. palovarotene) in a spontaneous HO model;

4\) The synovial overgrowth and joint disruption and long bone growth ablation noted with palovarotene treatment;

Hence the work breaks new ground and is well written. As such it should add considerably to our knowledge base when considering treatment options in this progressively fatal disease, particularly since phase II trials are ongoing with both treatments.

There are a few concerns which need further elaboration:

1\) It appears the jaw overgrowth is the cause of death in the treated HO mice; were necropsies done on those mice to establish other off-target effects?

2\) It would be important for the reader to know how the doses of palovarotene were established and how that compares to ongoing human trials;

3\) In that same vein, it appears as if in both in vitro and in vivo studies, there is not a consistent dose response to palovarotene, particularly in respect to amount of HO over the natural history; can the authors elaborate?

4\) Why did palovarotene reduce survival in juvenile WT mice? Were necropsies performed? Also, please show body weight data in treated WT mice.

5\) In the transplantation study with SCID mice, why wasn't the lower dose of palovarotene used?

6\) A fundamental question underlying the paper is whether FAP treatment with palovarotene reduces cell survival or proliferation; further data would be helpful in that regard.

*Reviewer \#2:*

The authors employ a previously described developmental/juvenile model of FOP that uses Pdgfrα lineage-specific activation of an *Acvr1^R206H^* knock-in allele, demonstrating all known HO phenotypes of FOP, including chostochondral, articular and periarticular, and intramuscular heterotopic ossification, as well as osteochondromas not previously found in mouse models. This developmental model is associated with significant morbidity attributed to poor feeding as a result of jaw HO, resulting in markedly reduced survival evident by P42. This developmental model provides the opportunity for testing various interventions during a window of development (P14 to P42) that corresponds roughly to ages during which FOP manifests in humans, and to examine the potential impact of these treatments on orthotopic skeletal growth. Two treatments are evaluated, an activin A neutralizing antibody and an RAR-gamma agonist, both approaches currently being tested in humans with FOP.

In addition to the developmental model, the authors use an FAP transplantation approach, showing importantly that HO is proportional to the numbers of transplanted and engrafted *ACVR1* mutant FAPs. Moreover, *Acvr1^R206H^* FAPs exhibits enhanced engraftment and proliferation kinetics in comparison to wild-type FAPs, consistent with a pro-proliferative phenotype conferred by *Acvr1^R206H^*. In testing the impact of ex vivo and in vivo modulation of activin, or treatment with RAR-gamma agonist, they found that anti-activin therapy essentially normalizes the engraftment and proliferation of mutant FAPs to nearly that of wild-type FAPs. In contrast, treatment with PVO reduces the survival/proliferation of engrafted mutant FAPs, but does not normalize them to the numbers of WT FAPs.

In the developmental model, treatment with PVO appeared to improve overall HO, and was particularly effective in reducing spontaneous HO at the ankle joints. However, treatment with PVO at both doses exacerbated HO formation in the knees, and possibly the wrist, hip, shoulder joints, and cervical and lumbar spine. Treatment with PVO at both doses led to the formation of abnormal cartilaginous growths in articular cartilage, particularly within the costochondral, shoulder, wrist and knee joints. The exacerbation of HO by PVO in a developmental model of FOP raises important questions about the mechanism of PVO, previously presented as an anti-chondrogenic molecule, but enhancing articular cartilage formation in this model.

With respect to the developmental effects of *Acvr1^R206H^* on orthotopic skeletal growth, expression of *Acvr1^R206H^* in Pdgfrα+ lineages led to a decrease in tibial length but with generally preserved growth plate structure, representing a slight modification of observations by Chakkalakal et al. 2016 in which decreased long bone length was observed with Prrx1+ specific expression of a similar *Acvr1^R206H^* knock-in allele but with altered epiphyseal and hypertrophic zone thicknesses, all of which were partially normalized by PVO treatment in that study. In the current study, treatment with PVO was associated with essentially absent growth plates or findings suggestive of growth plate trauma. Moreover, treatment with PVO was associated with further shortened body length, spine lengths, tibial lengths and skull lengths in treated versus untreated PDGFRα-Cre; *Acvr1^R206H^*/+ animals, as might be expected from a potent retinoid administered during skeletal development. This result contrasts with Chakkalakal et al. in which PVO treatment of Prrx1-Cre; *Acvr1^R206H^*mice appeared to improve long bone length with partial normalization of growth plate structure. On the other hand, the current observations are more consistent with those of Inubushi et al. (2018), in which it was found that PVO treatment of mice without *ACVR1* mutations starting at P14 was associated with decreased long bone length and altered growth plate structure. In the Inubushi paper starting PVO at P21 was associated with less impact on skeletal development. In light of the prior observations, the authors should comment why the P14-P42 window of treatment was chosen, if it was shown to be optimal as compared to delayed treatment windows, and whether or not delaying treatment to P21 might still exhibit reasonable efficacy without causing toxicity?

These current findings have tremendous relevance for current pediatric clinical trials investigating palovarotene for the treatment of FOP. The authors clearly show that doses of PVO (0.75 - 1.5 mg/kg/d IP) required for preventing developmental HO phenotypes in this condition are associated with long bone shortening and dissolution of growth plates, yet also have the potential to create cartilage malformations at sites of articular cartilage and synovial cartilage and paradoxically exacerbate HO at these sites. The mechanism of paradoxically increased cartilage formation and HO following PVO treatment raises questions about whether or not the mechanisms of PVO\'s effects are matched to the pathophysiology of FOP, and whether this is an ideal therapy for FOP. Could the authors speculate on how PVO might enhance cartilage formation, and enhance HO at some sites while preventing it at others?

In addition to the observed counterproductive or toxic effects of juvenile PVO therapy observed upon long bone length and growth plate morphology/maintenance, one wonders if the relative failure of PVO to contain mutant *ACVR1* FAP proliferation in engraftment studies might have additional untoward effects besides the inadequate control of HO? For example, in the last paragraph of the Discussion the authors discuss that the failure to control the initial expansion of the FAPs is associated with muscle fibrosis following injury. The current data (Figure 6) demonstrates that anti-activin almost normalizes mutant *ACVR1* FAP proliferation and engraftment to that of wild-type, whereas the response even with the higher dose of PVO is enhanced compared to wild-type cells. Could the authors comment on the possibility that PVO might lead to excessive muscle fibrosis or fatty infiltration? Could the muscle tissues of mice from these implantation experiments in Figure 6 be used to assess this question, rather than leaving this open for speculation? The answer may be important, as satisfactory function of the residual muscle, even after successful abrogation of HO, may depend upon a normal muscle injury-healing response, and might be impaired if wound-healing functions of critical populations such as FAPs become impaired or dysregulated as a result of anti-HO therapies. The muscle crush/FAP engraftment model with or without PVO treatment might be advantageous for assessing this, while an analysis of the P42 mutants treated with or without PVO could reveal any other important effects of systemic treatment on muscle during post-natal growth.

*Reviewer \#3:*

The manuscript \"Palovarotene reduces heterotopic ossification in juvenile FOP mice but exhibits pronounced skeletal toxicity\", expands our current understanding of the pathological progression of FOP, the role of FAPs during this progression and the therapeutic potential of 2 differing modes of intervention on dampening FOP pathogenesis. This new information is clearly and carefully presented. The manuscript also reports an unexpected and worrisome finding, that palovarotene treatment has profound negative effects on the skeleton of juvenile mice, a stark contrast to the effects of anti-activin-A treatment that appear to be beneficial to FOP carrying mice and innocuous to WT mice. While only small cohorts of mice were examined using only one specific dosing regime, data are quite convincing and suggest that the age of patients at the start of FOP therapy must be carefully considered prior to treatment as to prevent deleterious actions of palovarotene in the juvenile skeleton.

Additionally, establishing upper limits to drug administration as a function of skeletal age should also be considered. As both anti-activin-A and palovarotene are currently in use in clinical trials for FOP, this study is topical and of strong clinical significance.

My only substantive concern is the amount of variability in efficacy of treatment vs. toxicity that may occur with each individual dosing regime in patients of different ages. While it seems unlikely that the strong negative effects observed with palovarotene will only occur with this dosing schedule in mice of this age, the very compact nature of this study may not allow the authors to generalize about palovarotene treatment in juvenile patients with FOP.

10.7554/eLife.40814.021

Author response

> There will be significant interest in this well written paper which is likely to affect further clinical trials in FOP as well solidifying the pathogenic mechanisms of this disease. There are a few minor points that the authors need to address in the Discussion even with the acceptance. The authors should comment on the variable response in dose of palovarotene, the cause of death of juvenile WT mice, and speculate how PVO might enhance cartilage growth. We suggest you place the statistical methods in a separate section of the manuscript and note if the means are represented as SEM or SD. These edits will not affect the decision to publish this paper.

We were asked to address a few minor points raised in the decision letter.

1\) The variable response in dose of palovarotene: In FOP mice, the efficacy and toxicity of palovarotene at the two doses tested (0.735 mg/kg and 1.47 mg/kg) were comparable in most respects and the details were noted in the Results section of the original submission. As relates to efficacy, we have now added a concluding sentence to the relevant paragraph of the Results that specifically notes the apparent limit of palovarotene efficacy in this FOP mouse model. Without a complete dose-response study, we feel it is appropriate to describe similarities and minor differences in dose effects in the Results, without elaborating further in the Discussion.

2\) The cause of death of juvenile WT mice treated with palovarotene: We do not know the reason for reduced survival of WT mice (or of FOP mice that did not exhibit heterotopic ossification of the jaw) treated with palovarotene. We now explicitly state in the Results that the reason for reduced survival of palovarotene-treated mice is unknown.

3\) Speculate how palovarotene might enhance cartilage growth: In the Results section, we now note the precedent for pro-proliferative effects of retinoids in certain experimental settings.

4\) Placement of statistical methods in a separate section: We have now added a section on statistical methods to the Materials and methods section.

In the Materials and methods section, we now include comments concerning the rationale for the doses of palovarotene chosen. This is in response to specific reviewer comments that were not included in the summary review.
